Purpose: The published data indicate that the irradiation of the subventricular zone (SVZ) might play a role in the treatment of patients with glioblastoma (GBM). We aimed to determine whether radiation treatment doses (high vs low) applied to the SVZ can lead to an increase in progression free survival (PFS) and overall survival (OS).
Introduction
The WHO 2016 classification ranks GBM as a grade IV tumor, survival at 5 years being extremely rare despite the multimodal treatment administered nowadays. 28 The histopathological criteria for GBM are a diffuse growth pattern accompanied by brisk mitotic activity, necrosis, and microvascular proliferation. 43 Alongside the intrinsic features of the tumor, the interaction between the GBM and the surrounding normal brain structures, such as the SVZ, is currently taken into consideration in the attempt to understand the onset, progression, and resistance to treatment. 13, 30, 41 The SVZ is an area 3-5 mm thick covering the wall of the lateral ventricles. Especially important during the development of the brain, in adulthood it contains NSC (neural stem cells) and provides a particular environment (the niche) which these cells need in order to preserve their biological properties.
The importance of the interaction between GBM and the SVZ has been highlighted, as the tumors coming into contact with the area that contains NSC have a worse prognosis than those located at a distance. 2, 3, 11, 17, 25, 36 The subject needs more research because there are also studies that could not confirm the prognostic role of SVZ invasion by GBM. 15, 16 Given the diffuse extension of tumor cells in GBM, the significant migration potential of the NSC from the SVZ to the pathological areas (including tumor lesions), and the possibility of communication via the cerebrospinal fluid secreted by the choroid plexus (CP), questions have been asked about a possible long-distance interaction between GBM and the ipsi-and the contralateral SVZ. 4, 14, 23, 27 Thus, a number of studies have ascertained the existence of a correlation between the irradiation of the SVZ (ipsi-and contralateral), the administered doses, and survival. 6, 7, 11, 19 Nevertheless, not all of the published studies have reached the same conclusions, as other authors failed to identify an increase in survival in the patients subjected to a radiotherapy protocol that also targeted the SVZ. 8, 20 Considering the importance of the topic and the divergent conclusions in the literature, in the present study we performed a systematic review with meta-analysis of the observational and experimental studies done on patient populations histopathologically diagnosed with GBM, which compare the doses of radiotherapy administered to the iSVZ and cSVZ and their effect upon survival.
Materials and methods
We undertook a systematic review and meta-analysis taking into account the PRISMA guideline. 34 
Eligibility criteria
The PICO research question was: In patients with glioblastoma (Population), do high doses of radiotherapy (Intervention) compared to low doses of radiotherapy (Comparison intervention) offer better progression-free survival or overall survival (Outcome), in observational and experimental studies (Study design)? We considered all published original articles published till December 2018, in any language.
Information sources
We undertook a comprehensive research in seven bibliographic databases ( 
Search
We used customized search strategies for each search engine. The search strategy included: glioblastoma, radiotherapy, radiation, cerebral/lateral ventricles, periventricular, subventricular, subependimal, stem cells, progenitor cells. The full search strategy for the Pubmed database is presented in the supplementary file. We limited the results to human subjects, articles, letters to the editor, meeting abstracts, proceedings papers, and reviews. The reference lists of the useful articles were screened to find further papers to include in the research. The search results were combined in EndNote online (Clarivate Analytics, Philadelphia, United States), and duplicates were removed. The selection of eligible articles and their quality assessment were performed in Mendeley (Elsevier, Amsterdam, Netherlands).
Study selection
Two authors independently proceeded to read all the titles and abstracts resulted after the search endeavor to select includible papers. Differences in opinion were solved by discussion.
Data collection process
Two authors independently extracted data from papers using a form in Microsoft Excel. The forms were confronted and differences were corrected by rechecking the papers.
Data items
The collected data were: study design, number of subjects, radiotherapy dose cut-off, mean SVZ volume and dose (ipsilateral, contralateral, and bilateral), progression free survival, overall survival (follow-up, hazard ratio in univariate and multivariate analysis, CI, p-value), confounders that were adjusted in multivariate analyses.
Risk of bias in individual studies
All the included studies were assessed for the presence of bias using the Newcastle -Ottawa Quality Assessment Scale (NOS), independently by two authors. 44 Divergences in assessment were solved by discussion. 
Summary measures
The principal summary measure was hazard ratio obtained in multivariate analysis, comparing the high with the low dose radiation regimes, for progression free survival and for overall survival.
Synthesis of results
We performed a meta-analysis using the fixed and random effects models (the last model was chosen in case of important heterogeneity) to obtain the final pooled results in case we found at least two studies offering the principal summary measure. The corresponding summary measure with a 95% confidence interval and p-value was computed. The heterogeneity of the results was assessed using the inconsistency index (I   2   ) , and the Q test was performed for heterogeneity.
Risk of bias across studies
A screening for publication bias was not performed using a funnel plot or formal tests, since the number of studies was too small for an adequate assessment. 
Additional analyses

Results
Study selection
The search for papers yielded 2573 unique records. During screening we excluded papers for the following reasons: studies not on the topic, studies that didn't compare high dose with low dose irradiation, studies that didn't target the SVZ zone, studies that didn't use irradiation, other gliomas, case reports, abstracts of congress presentations, reviews. After screening 17 were assessed for eligibility, and in the end 8 were included in the qualitative and 4 in the quantitative analysis (Figure 1 ). Four studies were excluded from the quantitative analysis for the following reasons: Gupta et al, 33 2012 -was excluded for having continuous dose, not in the binary form, high dose vs. low dose, while all the other studies had it in binary format. Kusumawidjaja et al, 20 2014 -was excluded for having irradiation doses that were not comparable with the other studies (70 dose escalated vs 60 conventional, and no dose below 60 -while all the others compared high doses with doses below 60). Evers et al, 10 2010, and Khalifa et al, 19 2016 -were excluded due to the fact that they didn't provide the HR needed for the analysis.
Study characteristics and risk of bias
The study characteristics and the NOS score assessment for their risk of bias are presented in Table 1 . The total number of subjects included in the meta-analysis (from the four selected studies) was 328. The high dose group had 97 (29.6%) of the subjects, while the low-dose group had 231 (70.4%) of the subjects.
Results of individual studies
The results of the studies are presented in Table 2 Figure 2 ). Subjects receiving higher doses of ipsilateral SVZ irradiation had statistically significant better PFS than those receiving lower doses.
Contralateral SVZ irradiation
The pooled HR for progression free survival of high versus low irradiation dose of contralateral SVZ was 0.89 (95% CI 0.35-2.26), p=0.81, using the random effects model (test for heterogeneity p-value=0.02, I 2 =65.7%) ( Figure 3 ). Subjects receiving higher doses of contralateral SVZ irradiation did not have statistically significant better PFS than those receiving lower doses.
Overall survival
Ipsilateral SVZ irradiation The pooled HR for overall survival of high versus low irradiation dose of ipsilateral SVZ was 0.75 (95% CI 0.51-1.11), p=0.15, using the fixed effects model (test for heterogeneity pvalue=0.55; I 2 =~0%). (Figure 4 ). Subjects receiving higher doses of ipsilateral SVZ irradiation did not have statistically significant better overall survival than those receiving lower doses.
Contralateral SVZ irradiation
We couldn't find at least two studies that presented the contralateral SVZ irradiation HR, so a meta-analysis for this outcome was not possible. The only study that presented such a result was Gupta 2012, but it was for the continuous variable indicating the dosage, not for the comparison between high and low dosage.
Risk of bias across studies
The quality of the studies assessed using the NOS was adequate. Some studies had a lower NOS score due to the fact they lacked confounder adjustment, or the source of the patients in the two groups was not always the same hospital.
Clinical trials
The search in all databases provided only observational studies. We found two ongoing clinical trials, NCT02177578 and NCT02039778, in the experimental studies databases, but no finished ones.
Discussion
In the present study we undertook a systematic review and meta-analysis on a population of patients with GBM treated by multimodal treatment. We focused on RT treatment and compared high doses to low doses administered on iSVZ and cSVZ in order to determine if the patients with high doses have a better survival.
Studies description
According to Lee et al, a dose >59.4 Gy administered on the iSVZ led to increased PFS, but without any increase in OS, in patients with GBM in both univariate and multivariate models. Although a certain improvement in OS has been identified, this trend is not statistically significant. 22 The study by Evers et al. draws on previously published data which indicate an increase in PFS in patients 
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Abbreviations: GBM, glioblastoma multiforme; SVZ, subvnetricular zone; iSVZ, cSVZ, bSVZ, ipsilateral, contralateral, bilateral subventricular zone; IL, ipsilateral; CL, contralateral; BL, bilateral; NSC, neural stem cells; CP, choroid plexus; GTR, gross total resection; NOS, Newcastle-Ottawa Scale (article quality assessment scale); PFS, progression free survival; OS, overall survival; HR, hazard ratio; RPA class, recursive partitioning analysis class; KPS, Karnofsky performance score; MGMT, O(6)-methylguanine-DNA methyltransferase; IQR, interquartile range; CI, confidence interval; NR, non reported.
with grade III and IV gliomas who received a dose of 43 Gy in the bilateral SVZ. 11 This dose is likely to increase the PFS in patients with grade III tumors, but not in those with grade IV tumors. This demonstrates the importance of dosage in the treatment of GBM. Chen et al. identified an increase in both PFS and OS in GBM patients who received a >40Gy dose on the iSVZ. However, this is an independent predictor only for patients with gross total resection (GTR). 6, 7 Consequently, the residual tumor mass can be more important in patient relapse than the NSC located in the SVZ. 30 Adeberg found an increase in PFS in patients who received a >40Gy dose on the iSVZ and >30Gy on the cSVZ, respectively. These results could also be ascribed to the differences in contoured SVZ volume, as Adeberg took into account the anterior, superior, and inferior aspects, as opposed to other authors, who only looked at the anterior aspects of the SVZ. Another observation of this study is that higher doses (>30 Gy) administered on the cSVZ entail higher total bilateral doses, with a life-limiting side effect. This could also account for the results of our own study, which highlighted an improved PFS only for the iSVZ. No relation could be identified between the OS and the dose volume parameters. Furthermore, the irradiation of the subgranular layer of the dentate gyrus, a secondary location that could offer an suitable micro-environment to stem cells, had no effect on both PFS and OS. The study by Elicin included in this meta-analysis provides data that come to contradict those in the literature, showing diminished survival, albeit non statistically significant. 8 Given the heterogeneous nature of the data published in the literature, it is difficult to find studies with similar results.
Strengths and weaknesses
The studies included in our meta-analysis sought to mitigate the inherent deficiencies of the analyses conducted on retrospective series of patients. The selected populations were relatively homogeneous, with lengthy follow-ups, and the multivariate analyses factored in the extent of resection, age, and the KPS score. The variables chosen to be adjusted in the multivariate analyses were also heterogeneous between studies. As with all observational studies, residual confounding remains a possible source of bias. The risk of bias across individual studies assessed using the NOS was low, their quality being adequate. The systematic approach to the search of the literature, in numerous databases, and with a rigorous search strategy, limits the risk of incomplete retrieval of relevant literature. Since the number of retrieved studies was small, the assessment of publication bias through any method is not reliable. However, there are differences between studies and between the patients included in the same study, when it comes to the doses applied on the SVZ and to the variation in shape/volume of the contoured SVZ. The cutoff used for identifying the high-dose and low-dose groups was different between the analyzed studies, some using 59.4 Gy (Lee et al), others 40 Gy (Adeberg et al and Chen et al). This induces an overlap, increases the heterogeneity of the studies and limits the conclusions. However it is interesting to see that regarding ipsilateral SVZ irradiation progression free survival, if the cutoff is high (59.4, for Lee et al), their result is larger than in studies where the cutoff is lower (40 Gy for Adeberg et al and Chen et al) - Figure 2 . This seems to suggest that higher cutoffs increase the survival more than lower cutoffs. Moreover this overlap would more likely decrease the likelihood of finding statistically significant results, and our study found a statistically significant difference even with this overlap, which seems to sustain our conclusion for progression free survival. The same tendency might be seen regarding the overall survival where the higher-dose group (Lee et al) was better placed than the lower-dose group (Chen at al), but here the results were not statistically significant. For the contralateral SVZ irradiation both studies used the lower cutoff value, thus the comparison is not influenced.
Tumor volume might also play a role in survival for GBM patients, but our meta-analysis could not take this into account since individual studies didn't control for it in multivariable analyses.
It is important to note that only the study of Chen at al 7 used intensity modulated radiotherapy (IMRT), whereas all others tridimesional conformal radiotherapy (3DCRT). IMRT provides dosimetric advantages in both target volumes coverage and sparing of healthy neighboring structures. Considering complex shape of the SVZ, its' very small volume (4-5 cc), IMRT would be preferable. The accuracy of delineating the ipsi and contralateral SVZ can induce significant biases if not rigorously predefined (for example 4 mm, not 3 to 5 mm next to the lateral ventricles) and not centrally reviewed by an experienced neuro-radiologist, generating -at such small volumes-significant differences in dose-volume histograms. As target structures, we would favor a PTV expansion of 3 mm of both iSVZ and cSVZ and -derived from this systematic review -a "prescription dose" of 43 Gy/30fr. Hippocampus delineation would be also of interest, as well as its' dosimetric analysis correlated with neuro-cognitive function for potential longer-term survivors.
As with any systematic review, the data should be interpreted with care. Since we have only secondary data, and not individual patient data, it is difficult to conclude that longer progression free survival is independent of all important prognostic factors. The heterogeneity of the treatment regimen and even molecular biology also take a toll on the results. The multivariate analyses of each study included in the meta-analysis had a different selection of confounders and methods. Thus confounders in the meta-analysis are taken into account in a heterogeneous way.
Scientifically, to the best of our knowledge this is the first review with meta-analysis on the topic. The present work represents an evidence-based improvement in knowledge regarding the implications of subventricular zone irradiation in patients with glioblastoma. Future work can be built upon this current state of knowledge, in order to shed more light on the topic. The possible role of the subventricular zone in the progression of GBM might change the clinical treatment paradigm for this deadly disease. This will be a shift from the focus only on the lesion towards a more complex approach that takes into account the biology of other brain structures (SVZ and CP) and their interaction with GBM.
Study outcome
Our systematic review and meta-analysis indicate that there is a statistically significant difference in PFS between the GBM patients who received high vs. low radiotherapy doses in iSVZ. Normally, this gain should mean a higher OS, but this could not be confirmed by the present study. For cSVZ, no difference in PFS between high dose patients and low dose patients could be identified. This could be explained by the fact that in the patients whose cSVZ was also irradiated, the tumor was in a more advanced stage at the time of the radiotherapy, and the irradiation of this zone came as a consequence of the adequate coverage of the entire volume.
The location of the tumor is also to be taken into account. Studies conducted on patients whose tumors come into contact with the SVZ have indicated decreased OS and PFS. 15, 32 This could be explained by the fact that the NSC located in the SVZ can increase the aggressiveness of the tumor.
24,31 It would be interesting to determine whether there is a "dialog" between the SVZ and the tumors located at a distance from it, and to identify the cellular and molecular mechanisms involved. 21, 37 Animal models have indicated that the NSC show tropism for gliomas, but in humans the role of NSC remains to be determined. 1 Considering the dependence of stem cells on their microenvironment, one element than could be taken into consideration is the interaction between NCS and tumor stem cells and SVZ structures, such as the CP. 9, 18, 23, 42 According to our own observations, CPs show changes in volume and aspect in GBM patients, suggesting a possible change in their activity during the oncogenesis. A number of studies have indicated the importance of the CP in the morphogenesis and the onset of neurodegenerative diseases. 10, 18, 29 Given the microenvironment they create as part of the SVZ, the CPs may play a part in the biology of the NSC and in their interaction with the tumor processes of the central nervous system. 5, 12, 39, 40 An investigation of the normal and the pathological biology of the SVZ, and of the CP as part of the latter, could provide new information likely to increase the effectiveness of the current therapeutic methods, and even lead to new treatments confirming our preliminary observations on CP morphology.
Insight for future research
Finally, until fundamental research and the ongoing clinical trials (NCT02177578 and NCT02039778) provide us with new data that could make possible the application of these preliminary findings in the actual clinical practice, a randomized prospective trial remains necessary. This trial should include as uniform a population as possible, receiving the same doses (iSVZ, cSVZ,), on the same tumor volumes. The location of the tumor, the GTR, the age, the status of the MGMT gene promoter, and the administered medication should also be factored in.
Conclusion
Our systematic review and meta-analysis indicate that there was a statistically significant difference in PFS between the GBM patients who received high vs. low radiotherapy doses in iSVZ, but we couldn't find a similar result regarding overall survival. Although the data published so far do not lead to a firm conclusion, they nevertheless open new perspectives on the mechanisms involved in the onset and progression of GBM, regarding a possible involvement of the SVZ in the progression of the GBM, as well as a possible role of the SVZ in radiation therapy. Integrating functional MRI, PET and/or fluorescence imaging with tracers coupled to monoclonal antibodies against NSC (like CD133) are the most promising modalities for clinical application of CSCs detection and accurate target delineation and dose-histogram analysis. 
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